Zika virus (ZIKV) has recently caused a large epidemic in the Americas that is associated with birth defects. Although ZIKV is primarily transmitted by Aedes mosquitoes, ZIKV RNA is detectable in blood and semen of infected individuals for weeks or months, during which sexual and other modes of transmission are possible. However, viral RNA is usually detectable longer than infectious virus is present. We determined the frequency of isolation of infectious virus from semen and serum samples prospectively obtained from a cohort of patients in Puerto Rico. We confirmed isolation of infectious virus on the basis of a tissue culture cytopathic effect, an increase in virus genome copy equivalents (GCE), and positive results of immunofluorescence analysis; virus in infected cells was quantitated by flow cytometry. These criteria confirmed the presence of infectious virus in semen specimens from 8 of 97 patients for up to 38 days after initial detection when virus loads are >1.4 × 10 6 genome copy equivalents/mL. Two serum isolates were obtained from 296 patients. These findings can help guide important prevention guidelines for persons that may potentially be infectious and transmit ZIKV sexually.
Zika virus (ZIKV) is a single-stranded, positive-sense RNA virus transmitted to humans primarily through the bite of infected Aedes species mosquitoes [1, 2] . After the first isolation of ZIKV, transmission was detected sporadically, such as during an outbreak in Yap State in the western Pacific Ocean during 2007 [3, 4] . In 2015, a large outbreak was detected in Brazil that soon spread throughout the Americas [5, 6] . As of March 2017, 84 countries and territories had reported ZIKV transmission [7] . Although most ZIKV infections are asymptomatic, ZIKV disease is characterized by rash, fever, arthralgia, myalgia, and/ or conjunctivitis [4, 8] . Prior to the ZIKV pandemic that gained notoriety following the 2013 outbreak in French Polynesia, there was limited evidence of adverse pathological outcomes associated with the virus. Now a growing body of evidence has linked ZIKV to a host of distinct birth defects collectively known as congenital Zika syndrome [9] .
Sexual transmission of ZIKV was an additional unexpected finding that came to the fore during the 2015-2016 outbreak in the Americas, but estimates suggest it does not have a major impact on overall transmission [10] . Since Foy et al first reported potential sexual transmission of ZIKV in 2011 [7] , additional reports have documented transmission of ZIKV from male-tofemale, female-to-male, and male-to-male sex partners [11] [12] [13] . These reports included transmission of ZIKV from individuals with both symptomatic and asymptomatic ZIKV infection [14] . Cases of female-to-male and male-to-male sexual transmission rarely occur. Most of the sexually transmitted cases occur from male-to-female sex partners, and as of 21 March 2018, only 52 cases of sexually acquired ZIKV have been reported in the United States [15] .
Prior to its arrival in the Americas, very few ZIKV isolations had been obtained. Most of the isolates were from collected mosquito pools of infected Aedes mosquitoes, and less than a handful of isolates were derived from human specimens. The first ZIKV isolate derived from humans by means of using cell culture methods was from a pediatric patient in Cambodia during 2010 [16] . However, the findings of ZIKV-induced teratogenicity and sexual transmission have generated interest in the duration of infectious virus detection in body fluids. Because isolation of ZIKV is difficult and labor intensive, most studies on ZIKV shedding have used detection of viral RNA as an indicator of a prior or ongoing ZIKV infection.
ZIKV RNA has been detected in whole-blood, serum, urine, saliva, semen, and vaginal secretion specimens from symptomatic and asymptomatic individuals [17] [18] [19] [20] [21] [22] . ZIKV RNA is detectable the longest in semen, for which the maximum duration of documented detection is 370 days after symptom onset [23] . Studies in mice have shown that infectious ZIKV can last up to 21 days after inoculation, whereas viral RNA was detected up to 58 days after inoculation [24] . Most studies reporting detection of infectious ZIKV in specimens from humans are limited to case reports and were obtained during or near the acute phase of illness. ZIKV has been isolated from serum [25] [26] [27] [28] [29] [30] , semen [31] [32] [33] [34] [35] [36] , saliva [37, 38] , urine [37, 39] , and breast milk [40] specimens.
The Zika Virus Persistence Study (ZiPer) is a cohort of persons with real-time reverse transcription-polymerase chain reaction (RT-PCR)-confirmed ZIKV infection in Puerto Rico. The primary study objective was to determine the duration of detectable RNA in specimens of serum, urine, semen, and other body fluids. Using specimens from the ZiPer study, we used a modified technique to isolate infectious virus from semen, evaluated the presence of infectious ZIKV in serum, and looked at the correlation with ZIKV RNA loads in the same specimen.
METHODS

Ethics Statement
This study was reviewed and approved by the institutional review boards at the Centers for Disease Control and Prevention (CDC) and the Ponce Medical School Foundation Institutional Review Board.
Real-Time RT-PCR Analysis
All samples were tested using the CDC Trioplex real-time RT-PCR assay as previously described [41] . This assay is for the qualitative detection and differentiation of RNA from ZIKV, dengue virus (DENV), and chikungunya virus.
ZIKV RNA found in serum, semen and cell culture supernatants was purified from a 200-µL sample. The concentration of detected virus RNA was measured in genome copy equivalents (GCE) per milliliter, using a standard curve of in vitro-transcribed RNA generated from a plasmid containing an amplicon for ZIKV E protein. Starting with 100 μg of in vitro-transcribed RNA, 8 serial 1:10 dilutions were performed.
Study Design and Participant Enrollment
This study was part of ZiPer, whose goal was to determine the persistence of ZIKV in body fluids. Beginning in May 2016, study participants were identified through the Sentinel Enhanced Dengue Surveillance System, a prospective surveillance system that monitors acute febrile illness of patients at a tertiary care hospital or outpatient clinic located in Ponce, Puerto Rico. In April 2017, 2 additional recruitment sites were added in Guayama and San Juan, Puerto Rico. Any individual who presented at the hospital or clinic with a fever (temperature, ≥38.0°C [100.5°F]), rash, conjunctivitis, or arthralgia were offered enrollment into the Sentinel Enhanced Dengue Surveillance System. Patients who tested positive for ZIKV RNA by the CDC Trioplex real-time RT-PCR assay were offered enrollment into ZiPer, as were their household members. Only household members who also tested positive for ZIKV RNA by the CDC Trioplex real-time RT-PCR assay remained in the cohort. Individuals who did not report fever, rash, conjunctivitis, or arthralgia in the 30 days prior to being interviewed were regarded as asymptomatic. Whole-blood, serum, urine, and semen specimens were collected weekly for the first month and 2, 4, and 6 months thereafter. Any individual who tested positive for ZIKV RNA at week 4 was tested every other week until all specimens had negative test results. A total of 700 semen samples from 97 cases were obtained by masturbation. Ejaculates were refrigerated until processed (within 24 hours) at the CDC Dengue Branch were aliquots prepared and stored at −80°C for future testing.
Cell Lines and Cell Culture
Cells were grown in the following media, all supplemented with 10% fetal bovine serum (FBS): M199 medium, for Vero (African green monkey kidney) cells; Eagle's minimal essential medium, for SiHa (human cervical squamous cell carcinoma) cells; Dulbecco's modified Eagle's medium (DMEM), for DU-145 (human prostate carcinoma) cells; and Roswell Park Memorial Institute medium, for LNCaP (human prostate carcinoma) cells. All cell lines were cultured at 37°C with 5% CO 2 . The C6/36 (Aedes albopictus mosquito) cell line was grown in DMEM supplemented with 10% FBS at 33°C without CO 2 .
Immunofluorescence Microscopy of ZIKV-Infected Cells.
Vero cells were infected at a multiplicity of infection (MOI) of 0.5 in M199 and 0% FBS. After a 24-hour incubation period, the cells were fixed with 4% paraformaldehyde diluted in phosphate-buffered saline (PBS) for 20 minutes at room temperature. After washing, the cells were permeabilized with 0.1% Triton X-100 diluted in PBS for 15 minutes at room temperature. Staining of the virus envelope protein was done using an antiflavivirus (4G2) Alexa647-conjugated monoclonal antibody for 1 hour at room temperature. The nuclei were stained with DAPI (Invitrogen) diluted in a PBS 1× solution for 5 minutes and mounted with Prolong Diamond Antifade (Invitrogen). The slides were observed at resolutions of the original magnification ×10, ×40, and ×60 (without oil). Images were acquired with a Nikon Ti2 fluorescent microscope. Analysis of data was performed using NIS Elements 3.22 software (Tokyo, Japan).
Preparation of Specimens for ZIKV Isolation
Semen specimens collected from donors were kept refrigerated until processed (within 24 hours) at the CDC Dengue Branch. An aliquot of the specimen (250 μL) was used in the CDC Trioplex real-time RT-PCR Trioplex assay to detect the presence of ZIKV RNA. The remaining volume of the specimen was stored at −80°C for future virus isolation until realtime RT-PCR testing was completed. Previously collected and frozen semen specimens were thawed in an incubator at 37°C. Samples of 200 µL were mixed with an equal volume of ice-cold PBS and homogenized by hand with a Dounce homogenizer.
The homogenate was filtered through a 0.45-µm polyvinylidene difluoride mesh and mixed with 300 µL of M199 medium for inoculating Vero cells.
Serum specimens that were positive for ZIKV RNA by the CDC Trioplex real-time RT-PCR assay were diluted 1:10 with M199 medium immediately before inoculation.
Isolation of ZIKV
All procedures were carried out using sterile techniques and in a biosafety cabinet. Vero (ATCC CCL-81) cells were grown to near confluence (85%-90%) in T-25 flasks. Vero cells were treated with a 500-µL inoculum for 2 hours at 37°C with 5% CO 2 , and plates were rocked every 15 minutes. After the inoculum was removed, freshly prepared M199 with 2% FBS was added to the cells. Cells were incubated at 37°C with 5% CO 2 for 7 days and monitored daily for cytopathic effects on the monolayer. All viruses were passaged at least 3 times. The presence of ZIKV RNA in culture supernatants was assessed weekly with the CDC Trioplex real-time RT-PCR assay. Results of ZIKV cultures were considered negative if no ZIKV RNA was detected at the third culture passage.
Titration of ZIKV
Titration of ZIKV isolates was performed as previously described [42] . Briefly, Vero cells were infected with serially diluted virus supernatants. After inoculum removal, fresh M199 medium with 2% FBS was added, and the cells were incubated for an additional 24 hours. Cells were fixed, permeabilized, and stained with an antiflavivirus monoclonal antibody (4G2) conjugated with Alexa488. Flow cytometry was performed using a BD FACSCelesta flow cytometer system.
Virus Replication Kinetics and Infection
To compare virus replication between Vero, SIHA, DU-145, and LNCaP cell lines, cells were inoculated with ZIKV strain PRVABC59 and DENV-2 strain 16 681 at a MOI of 0.001. After incubation for 1 hour at 37°C, the unbound virus was washed away, and fresh medium containing 2% FBS was added. At each time point (24, 48, 72 , and 96 hours), cells were harvested from plates by trypsinization and processed for flow cytometry.
To determine the efficiency of viral infection, Vero, SIHA, DU-145, and LNCaP cell lines were infected at a MOI of 5. Virus-and mock-infected cells were harvested from plates by trypsinization 24 hours after infection and processed for flow cytometry.
RESULTS
Replication and Infectivity of ZIKV in Cell Lines
To determine the best cell line for ZIKV isolation, we compared the 3 Vero cell lines commonly used for flavivirus isolation: Vero, Vero-76, and Vero-E6. All cells were inoculated with stocks of ZIKV and DENV-2 at a low multiplicity of infection (MOI, 0.001). ZIKV replicated at a faster rate than DENV-2 as assessed by both real-time RT-PCR and flow cytometry ( Figure 1A-D) . The ZIKV load reached a maximum in Vero and Vero-76 cells within 48-72 hours, while the DENV load reached a maximum after 96 hours. Replication of both DENV and ZIKV was similar in Vero and Vero-76 cell lines. Virus growth for both viruses in Vero-E6 cells was less than in Vero and Vero-76 cells, most notably for ZIKV.
Results from this study show that ZIKV RNA levels are highest in semen. These specimens contain an average of 1.41 × 10 7 GCE/mL. The ZIKV RNA levels in semen are at least 10 times higher than those observed in serum (2.8 × 10 5 GCE/mL) or urine (1.2 × 10 6 GCE/mL) (Figure 2 ). These findings suggested that the levels of infectious ZIKV are likely higher in cells associated with reproductive tissues. We examined human cell lines of prostate (DU-145 and LNCaP) and cervical (SIHA) origin to determine whether these cell lines could potentially result in better isolation rates than the standard Vero cell line used for flavivirus isolations. Growth was monitored by real-time RT-PCR analysis and flow cytometry ( Figure 3A-D) . ZIKV and DENV grew at higher titers in Vero cells than in cells of reproductive origin ( Figure 3A and 3B). Similar results were also obtained when cell growth was monitored by flow cytometry. ZIKV and DENV infection were observed in Vero cells after 72 hours, while infections remained undetected in SIHA, LNCaP, and DU-145 cells ( Figure 3C and 3D) . Similarly, DENV displayed greater infectivity in Vero cells, reaching a peak of 66.17% after 96 hours, compared with cell lines of reproductive origin ( Figure 1C ). To ensure that SIHA, LNCaP, and DU-145 cell lines are capable of being infected by flaviviruses, we infected the cell lines at a MOI of 5. The SIHA and DU-145 cell lines displayed slightly or moderately reduced infectivity for both viruses, respectively. The LNCaP cell line was refractory to infection, as only a small percentage of cells were infected by ZIKV and DENV ( Figure 3E ).
ZIKV Isolation From Specimens
We performed virus isolation on specimens from the ZiPer cohort. Serum specimens were provided at all participant visits. Semen specimens were obtained from men beginning at the second participant visit, when most symptoms had subsided.
Our efforts to isolate ZIKV from specimens were performed in Vero cells. The first round of assessment of infectious ZIKV in specimens consisted of 20 semen specimens containing 9 × 10 2 -5.9 × 10 8 GCE/mL (mean [±SD], 4.9 × 10 7 ± 1.3 × 10 8 GCE/mL) and 20 serum specimens containing 3.1 × 10 3 -3.7 × 10 7 GCE/ mL (2.1 × 10 6 ± 8.1 × 10 6 GCE/mL) of ZIKV RNA. From this initial testing, the virus isolate with the lowest amount of viral RNA was a semen specimen containing 1.41 × 10 6 GCE/mL. Therefore, our efforts focused on assessing infectious ZIKV in specimens with ≥2 × 10 5 GCE/mL. Of all male participants providing semen, 32 of 97 (33%) had at least 1 semen specimen with this characteristic, while 36 of 296 (12%) had serum specimens with this RNA load.
ZIKV was successfully isolated from semen specimens for 8 of 32 participants and from serum specimens for 2 of 36 (Table 1) . Virus isolation was demonstrated by observing a cytopathic effect on Vero cells, an increase in the ZIKV RNA level during passage, titration by flow cytometry, and immunofluorescence microscopy. Virus was isolated only at 1 time point for each participant. No participant had >1 virus isolate. ZIKV isolates were obtained from 8 of 78 semen specimens (10.3%) and 2 of 36 serum specimens (5.6%) with ≥2 × 10 5 GCE/mL ( Figure 4 and Table 1 ). The 8 semen samples from which ZIKV isolates were recovered had a mean (±SD) of 1.8 × 10 8 ± 2.5 × 10 8 GCE/mL, and serum samples in which ZIKV was isolated had 4.8 × 10 7 ± 1.1 × 10 7 GCE/mL. All semen isolates were from individuals who experienced symptomatic ZIKV infection. ZIKV was isolated from semen specimens 15 days after symptom onset and up to 38 days after onset. Among the serum specimens from participants with asymptomatic ZIKV infection, infectious ZIKV was recovered from 1 of 7 specimens (14%). The only ZIKV isolate in a serum specimen obtained from a symptomatic participant was collected 3 days after symptom onset.
Confirmation of ZIKV Isolation
The first indication of ZIKV isolation was the presence of a cytopathic effect on host cells. Monolayers were mainly intact during the first virus passage, with 1 of 8 isolates causing cytopathic effects during the first passage (Table 2) . ZIKV-induced cell death ( Figure 5A ) was mostly observed after 4-5 days of the second and third virus passages (Table 2 ). Virus replication was monitored weekly for 3 weeks by performing CDC Trioplex real-time RT-PCR analysis on cell culture supernatants after every passage. An increase in virus GCE in cell culture as compared to the specimen was suggestive of viral replication. Most of the ZIKV isolates had a >500-fold increase in GCE after propagation.
The ZIKV isolates identified were further confirmed using fluorescent microscopy and flow cytometry. Cells infected with ZIKV isolates were stained with a mAB conjugated with anti-envelope protein, and their characteristic staining pattern was observed in the perinuclear area, indicating the presence of assembled virus particles ( Figure 5B ). All ZIKV isolates were propagated to high titers. Titration by flow cytometry demonstrated that isolates had titers from 6.9 × 10 5 to 8.2 × 10 7 FIU/mL ( Figure 5C ). 
DISCUSSION
Determining the duration that ZIKV remains infectious in body fluids is important to inform prevention recommendations and improve diagnostic assays. In this study, we examined shedding of infectious ZIKV in specimens of serum and semen, the 2 main body fluids through which ZIKV transmission occurs. Early in the epidemic, many studies examined the duration of ZIKV RNA detection in these fluids to gain some insight into the duration of ZIKV detection in infected individuals. These data helped public health professionals establish interim guidelines for preventing ZIKV transmission. The difficult or sporadic isolation of ZIKV is highlighted by other studies that have either been unsuccessful or obtained a single isolate. These studies included a single case or a small number of participants. There are 2 larger studies that are more comparable to ours. A study examining infectious ZIKV in semen found only 1 isolate 13 days after symptom onset among 12 real-time RT-PCRpositive individuals [36] . The largest study of ZIKV-positive semen specimens included 184 cases [43] . Virus culture was attempted for 78 specimens, and 3 isolates were obtained. Our study contains the second largest number of ZIKV-infected patients (comprising 297 patients with serum specimens and 97 patients with semen specimens) that has assessed infectious virus in specimens. We obtained the largest number of ZIKV isolates from semen specimens in a single study. However, our isolation frequency was similar to that in the 2 previous reports with a larger number of cases that assayed infectious ZIKV in semen samples. The study with the largest number cases performed a 1:10 dilution of the semen specimen for inoculation, owing to the cytotoxic effect of semen on Vero cells. Our study included a slightly higher proportion of specimens cultured on earlier days after symptom onset, included asymptomatic individuals, and used a different technique for processing semen specimens, which included homogenization of the specimen, followed by filtration and then dilution (equivalent to 2:7). We did not observe any cytotoxicity of semen filtrate on Vero cells. Individuals infected with ZIKV will likely continue to have sex through the course of infection, unaware of their ZIKV transmission potential. Mathematical modeling estimates suggest that 3% of ZIKV infections occurred through sexual transmission [10] . The relative contribution of ZIKV sexual transmission to the overall spread of the disease remains unknown. Our study contributes to the overall understanding of the duration of ZIKV infectiousness and can help estimate the relative contribution of sexual transmission to virus dissemination throughout populations.
In this study, we first sought to determine the ideal cell line for determining the duration of infectious ZIKV detection in serum and semen. Our data showed that the highest level of ZIKV RNA is detected in semen. We first established that the parental Vero cell line was best for the isolation and propagation of ZIKV, compared with its derivatives and other cell lines of reproductive origin. This finding is likely due to the rapid replication of ZIKV in cell culture. The Vero-E6 cell line was generated for the isolation of slowly replicating viruses [44] . ZIKV displayed faster replication kinetics than a DENV-2 strain of the Southeast Asian genotype. The Southeast Asian DENV-2 strain has been shown to generate the highest virus outputs of all DENV-2 genotypes [45, 46] . Although other studies have looked at ZIKV replication in cell lines of reproduction origin, no comparison had been made with Vero cell lines to determine their feasibility for virus isolation [47, 48] . Infectious ZIKV was assessed by virus passage in Vero cell cultures. The low occurrence of virus isolation from both serum and semen specimens accompanied by the lack or minimal plaque formation observed in the first virus passage led us to focus on virus isolation, rather than on quantification of infectious virus by a plaque assay. The low levels of ZIKV viremia have previously been documented. During the first large outbreak of ZIKV detected in Yap, no isolates were obtained from 157 specimen isolation attempts made for patients with acute infection in the Vero cell line [5] .
Confirmation of our ZIKV isolates was rigorous. To confirm that ZIKV was successfully isolated, we gathered data showing that the virus caused a cytopathic effect on the Vero cell monolayer, that the ZIKV RNA level had increased at least 100-fold in cell culture as compared to the level in the specimen (1 specimen, with a 7.5-fold increase, was an exception, but it had a high titer detected by flow cytometry and was not further expanded), that the virus isolate had a characteristic flavivirus staining pattern in infected Vero cells, and that the isolate was grown to high titers (ie, >6.9 × 10 5 FIU/mL).
We were able to detect infectious ZIKV up to 38 days after the onset of symptoms, a much shorter period than the maximum reported for the detection of ZIKV RNA in semen of 370 days [23] . Our detection of a ZIKV isolate 38 days after symptom onset is in line with a case report of sexual transmission in which a woman was infected through intercourse with her husband and developed ZIKV infection symptoms 44 days after her husband's illness onset [49] . Most sexually transmitted cases reported occurred within 20 days from when their sex partners first began to experience symptoms. ZIKV RNA loads are approximately 10 times lower in serum as compared to semen at the time of sampling. This finding may be one of the reasons that the ZIKV isolation rate is lower compared to semen specimens. We were only able to isolate ZIKV from serum 3 days after symptom onset and from an asymptomatic participant. ZIKV transmission through sexual activity, like transmission through mosquito bite, has been reported to occur regardless of the occurrence of symptoms or the stage of symptoms, as transmission can occur before, during, or after illness. Experiments conducted in mice showed that detection of infectious ZIKV in semen correlated well with male-to-female sexual transmission despite detection of high ZIKV RNA loads outside of the window of transmissibility [24] .
In conclusion, our study has provided insight into the duration of infectious ZIKV detection in serum and semen. By considering specimens with >1.4 × 10 6 GCE/mL as infectious, patients tested with the CDC real-time RT-PCR assay can be assessed more accurately for their potential to transmit ZIKV sexually to their partners. Our detection of infectious ZIKV up to 38 days after symptom onset is well within the CDC recommendation of abstaining from sex or use of condoms for at least 6 months to prevent sexual transmission. 
